A linear chain of connected electron sites with two asymmetric sinks, one attached to each end, is used as a simple model of quantum electron transfer in photosynthetic bio-complexes. For a symmetric initial population in the middle of the chain, it is expected that electron transfer is mainly directed towards the strongest coupled sink. However, we show that quantum effects radically change this intuitive "classical" mechanism, so that electron transfer can occur through the weaker coupled sink with maximal efficiency. Using this capability, we show how to design a quantum switch that can transfer an electron to the left or right branch of the chain, by changing the coupling to the sinks. The operational principles of this quantum device can be understood in terms of superradiance transitions and subradiant states. This switching, being a pure quantum effect, can be used as a witness of wave-like behaviour of excitations in molecular chains. When realistic data are used for the photosystem II reaction center, this quantum biological switch is shown to retain its reliability, even at room temperature.
I.

INTRODUCTION.
Understanding how biological systems transfer and store energy is a basic energy science challenge that can lead the design of new bio-nanotechnological devices [1] [2] [3] [4] [5] .
Recent experiments on photosynthesis by several groups [6] [7] [8] [9] [10] [11] [12] [13] [14] , have demonstrated the striking role of quantum coherence in the form of long lasting oscillations of the population of excitonic states in light harvesting complexes (LHC), at room temperature. Even though there is no general consensus on the role quantum coherence plays in the electron transfer (ET) efficiency ( 99%) [15] [16] [17] [18] [19] [20] , there is no doubt that the models for exciton transport in the LHCs and primary charge separation in the reaction centers (RCs) should utilize quantum coherent effects.
The photosystem II (PSII) RC of many bacteria, plants and algae, where the primary charge separation occurs, is arranged in two symmetric branches, even if only one of them is active for the ET. Different mechanisms which could be responsible for the asymmetry in the ET in the PSII RCs, and the related experiments, are discussed in [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] (see also references therein).
Here we do not address the question why only one branch is active, but we use the PSII RC as a prototype for an artificial biological switch, able to drive the ET to the left or the right symmetric branch, by controlling the couplings to the sinks.
Primary charge separation in the RC can be modeled starting from a donor (a dimer, called the special pair where the excitation starts) and then including the ET through different protein subunits, (bacterio)chlorophylls and (bacterio)pheophytins, generally called chromophores. This transfer occurs in a very short time (a few picoseconds). On the other hand, the effective ET to the quinone occurs over a much longer time (a few microseconds) [26] [27] [28] [29] [30] [31] [32] [33] . This allows one to consider a simplified model for the RC taking into account the short time dynamics corresponding to primary charge separation (disregarding longtime effects) by adding sinks through which the electron can escape the system. While there exists much experimental data for calculating both the energy levels and the couplings between the chromophores (typically dipole-dipole or Coulomb interactions), our aim here is to avoid non-essential technicalities which complicate the model, and concentrate on the main ideas of designing a quantum switching device based on the ET in the PSII RC. The model can be described within the framework of an effective non-Hermitian Hamil-tonian which takes into account the loss of electron probability to the sinks, one attached to each end of the system. Even though this scheme has been used in the past [26, 27, [34] [35] [36] , to the best of our knowledge the intrinsic mechanism of superradiance and its relation to the ET has not been fully understood in bio-systems. In bio-system superradiance has been considered as an effect of the coupling with the electromagnetic field [37] but actually it is a generic effect [38] which can occur when a system is coupled to any continuum of states. Here we consider the phenomenon of superradiance in transport induced by the coupling with the continuum of scattering states as been discussed in [34] . This point of view is related to the supertransfer phenomenon discussed in Ref. [39] .
II.
THE MODEL.
The model we consider consists of six sites divided into two symmetric branches, left and right, with two independent sinks attached at the ends. For simplicity, the energies of the sites are taken to be equal, E 0 = 0, and the coupling between the nearest neighbor sites is constant (Ω). The central pair of sites is allowed to have a larger coupling constant, Ω sp > Ω. This very simple system was considered in the literature (called the "multimer" model [40, 41] ) as a prototype model for the PSII RC, and is shown schematically in Fig. 1 .
Despite its simplicity (currently more complicated models for the ET have been introduced [42, 43] ), we believe it contains the essence of the process we are modeling. Later, in Sections III and IV, we will show that the results which follow from our model maintain their validity in a large range of parameters when more realistic models and thermal effects are considered.
The asymmetry in our model arises only from the different coupling strengths with the sinks, which can be understood as representing continuum electron energy spectra. These electron environments are characterized by the transition rates to the left and to the right branches of the system. We also choose symmetric initial conditions for sites 1 and 2:
(Similar results can be obtained for symmetric mixed state,
An effective non-Hermitian Hamiltonian can be constructed as in [36] by coupling the system to two different continuum electron reservoirs. The probability flow into these continua is analyzed with an effective non-Hermitian Hamiltonian, H,
where H 0 is the Hamiltonian of the closed system, and W L,R take into account the coherent dissipation. As one can see, in the site basis this corresponds to add imaginary terms to the end sites, |L and |R , describing the loss of electron probability to the sinks.
The eigenvalues of H are complex numbers,
, where Γ (k) are the decay widths and the evolution is described by the von Neumann equation,
We also introduce the parameters, κ L(R) and q,
and the efficiencies of the ET to the sinks through the left (|L site) and the right (|R site) branches during time, T :
As shown in [35] , two superradiant transitions with the corresponding formation of two superradiant (SR) states, are expected to occur, at
Strictly speaking, in [35] We now discuss the efficiency of the ET to the sinks under the condition that the coupling to the left, γ L , is always larger than the coupling to the right, γ R . One might expect that the sink with the stronger coupling (stronger probability per unit of time to escape the chain)
will be the most efficient. But what happens in this quantum system is more complicated. through the left branch, (η L 1, η R 0), while close to the right ST, (ST R , κ L q), the ET efficiency has a maximum at the right branch, (η L 0, η R 1). This is an unexpected result since the whole picture has been obtained under the condition κ L κ R , namely at the fixed ratio, q = κ L /κ R = 100 1.
Therefore, the whole system can act as a probability switch even if the left coupling is much larger than the right coupling. How is this possible? Before explaining these results
and their intrinsic quantum nature, we consider the "classical" behavior of this ET model.
The classical dynamics can be modeled considering an incoherent hopping among the sites, thus described by a classical master equation with only diagonal density matrix elements (populations):
where ρ ii is the probability at the i-th site, T ik = (H 0 ) ik / is the transition rate from the k-th to the i-th sites, and the last two terms represent the flow of probability through the left(L) and right(R) sinks.
The results of the classical dynamics, for the same model and symmetric initial conditions, Fig. 2b (red curve). They demonstrate the absence of a switch of transmission from the left to the right branch. Indeed, one always finds η L > η R , and η L η R 1/2, for large values of κ L . Up to some extent, this is in agreement with the intuitive interpretation: if the coupling strengths to both sinks are extremely strong, particles will be absorbed by both sinks with the same efficiency. We can use these results to define "classical transport" as one occurring through the most strongly coupled branch, and "quantum transport" as one occurring through the weaker coupled branch.
These results immediately raise the following two questions: How it can happen that the ET occurs through the weaker coupled branch? Is it possible to estimate analytically the "switching point", κ 
When the condition (8) is satisfied, the unbalanced ET efficiency is approximately zero. This is verified directly in Fig. 2b , where the theoretical dashed-dotted vertical line, κ
is in a good agreement with the switching point at which the unbalanced ET efficiency 
III. EFFICIENCY OF THE ET IN THE PRESENCE OF A THERMAL BATH.
To demonstrate the robustness of the approach described above, consider the interaction of our system with a phonon bath at finite temperature. We use the thermal bath as in [45] whose dynamics is described by the Lindblad master equation in the Born-Markov and secular approximations. More realistic models for the thermal bath can be found in the literature [42, 43] . This simpler approach has already been used to describe the FMO complex in a very similar framework [36, 45] . Note that this approach leads to the relaxation of the populations, ρ kk , to the Gibbs distribution.
We use the Lindblad-type master equation in the form,
where the action of the Lindblad operator, L p (ρ), on ρ is described by Eq. (5) of Ref. [45] .
(See Appendix C .) In particular, we choose an exponential spectral density dependent on two parameters, the reorganization energy, E R , and the cutoff frequency, ω c , to be considered together with the temperature, T , of the bath.
The thermal bath (interaction with phonons) produces an homogeneous line broadening [46] , proportional to both temperature and reorganization energy, and inversely proportional to the cut-off frequency [47] 
In Fig. 4 , we plot the unbalanced left-right ET efficiency as a function of the coupling, κ L , at T = 300K, and reorganization energy and cut-off frequency chosen in order to have an homogeneous line broadening γ T = 305.7 cm −1 (full black curve).
As one can see, the first effect is that the quantum switching due to the superradiance is weakened but not suppressed by the thermal bath (compare with the dashed curve which represents the same quantity in absence of the thermal bath for the same value of q = κ L /κ R = 100).
To have a close comparison with the classical model we consider the same classical master equation as before, Eq. (7), but with the transition rates, computed semiclassically as in [36, 46] ,
where Ω ik represents the energy coupling between the i-th and the k-th sites, the ∆E ik are the energy differences between the two sites, and γ d is the dephasing energy [46] . 
IV. EFFICIENCY FOR A REALISTIC MODEL.
Here we apply our approach to a realistic model [48] of the photosystem II reaction center (PSII RC). This system has eight chromophores in the Left-Right subunits: two chlorophylls belonging to the central special pair, two accessory chlorophylls, two pheophytins and two peripheral chlorophylls, not relevant since weakly coupled. To match 2D spectroscopy data, the energy levels in the active branch (left) are not the same as for the inactive branch (right), and range between 15000 and 15555 cm −1 . Moreover, the coupling constants among chromophores are not equal for nearest neighbors, and all chromophores couple to each other with strengths varying from 0.12 to 162.2 cm −1 . The exact Hamiltonian matrix is not presented here. It appears in Ref. [48] . Due to many differences from the simple model discussed above, one can wonder whether the previously discussed switching effect persists in this realistic model characterized by non-degenerate energy levels, long-range interactions, and absence of exact left-right symmetry [48] .
We proceed as before, by attaching the sinks to the pheophytins, designing the effective non-Hermitian Hamiltonian, and calculating the conditions for the left and the right STs In order to show that the switch can work at room temperature, we embedded the system in a thermal bath as described above. We note that the bath considered in Eq. (9), without sinks, produces typically uncoupled equations for populations (diagonal matrix elements) and coherences (off-diagonal ones) in the energy basis. In particular, populations relax in time to Gibbs distribution without oscillations, at variance with the experiment [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Interestingly, the coupling with the sinks produces an effective coupling between populations and coherences. The effect of the dynamics generated by the sinks is shown in Figs. 5a) and b), in which oscillations are clearly observable for γ L = 0, showing that coherences and populations are now coupled.
We therefore use the same thermal bath as in Eq. (9), setting the parameters for reorganization energy, E R , and cut-off frequency, ω c , in order to have a decay of both populations and coherences of the order of 1 ps, in agreement with experiments [13] . Our results (shown in Fig. 5 c) , demonstrate that the previously observed switching survives in the presence of a thermal bath at room temperature (even though it reduces the unbalanced ET efficiency to the right branch ( ≈ 0.5 compared with the left ≈ 1).
V.
CONCLUSIONS.
The analysis of our model for electron transfer, consisting of two branches attached to two asymmetric sinks, revealed two different transport regimes: a classical one, in which the electron transport occurs through the strongest coupled sink, and a quantum one, in which the electron transport occurs through the weakest coupled sink. Varying the coupling strengths in an appropriate way, see We also thank Gary Doolen for useful comments. 
VII. APPENDIX A: PARTICIPATION RATIO
In Fig. 6a , we show the probabilities to occupy the end sites (|L , |R ) for all energy eigenstates. As one can see, on approaching the left transition, ST L , the superradiant state, |SR , increases its probability to occupy the left end, and this probability becomes one at the switching point. Of course, at the same point the probability to be at the left end of the other states becomes zero, so that ET to the left sink is completely inhibited, and ET switches to the right sink.
One can also observe that after the ST R , the same effect occurs at very large coupling thus inhibiting also the ET to the right end. This is at variance with the classical behavior, where for very large coupling one gets, η L = η R = 1/2.
In order to study the localization of the eigenstates, |Ψ , we consider their participation Here q = 100. ratio in the site basis |n , Fig. 7a we show the PR of all energy eigenstates. As one can see, for κ L < 1 most of the states are approximately delocalized over the whole system (the maximal P R corresponds to the total number of sites, 6). For 1 < κ L < q both superradiant and subradiant states tend to localize. However, while the P R of the left superradiant state SR L becomes ≈ 1 at the switching point κ L ∼ √ q (complete localization), the P R of the other states does not decrease below ≈ 3, which means that they are approximately extended over the system, thus allowing the ET.
Even if the left superradiant state becomes extremely localized immediately after the ST L , its width is very large. (See Fig. 7b .) This competition between localization and decay width determines the switching point of ET.
VIII. APPENDIX B: THE CRITICAL SWITCHING POINT
Let us first define the left/right partial width as follow,
where the sum is taken over the subradiant states, |k . Let us also consider the range of parameters between the two STs, namely 1 < κ L < q, and the effective Hamiltonian,
where we consider −iγ L W L as the unperturbed Hamiltonian, and H 0 − iγ R W R , as the perturbation.
Let us consider, for definiteness, the site R as the first site j = 1 and the left L as the last j = N . Eigenvalues for W L are 1 and 0, the latter N − 1 times degenerate; the eigenvector correspondent to 1 is |L , since,
while, as a degenerate basis we can choose the site basis |j , for j = 1, ..., N − 1, since
Eigenvalues and eigenvectors of the N − 1 degenerate system can be obtained at zero order by solving the eigenvalues problem,
Since H 0 is of the order of Ω, and γ R /Ω 1, we can use first order perturbation theory in γ R /Ω to get the eigenvalues,
and the eigenvectors, To have the eigenstates at first order of the perturbation theory in Ω/γ L and γ R /γ L , one should take into account the interaction between |q and |L , mediated by the perturbation H 0 − iγ R W R , so that,
From this one gets,
From Eq. (18) the partial widths easily follows,
Equating Eq. (18) and Eq. (19) , one gets,
IX. APPENDIX C: LINDBLAD MASTER EQUATION
The dynamics of the system to second order in the system-bath coupling can be described by the Lindblad master equation in the Born-Markov and secular approximations as
where the superoperator, L p , acts on ρ as follow, 
Eq. (23) implicitly defines the reorganization energy, E R , and the cut-off frequency, ω c .
Note that this form of master equation does not assume weak coupling to the sinks, only to the phonon bath. We also assumed that a strong coupling to the sinks does not influence the phonon coupling. Further work is in progress to check the validity of this assumption.
